Abstract Mineral NPK fertilizer and manure have been compared since 1922 in a ley-arable rotation. During 1982During -2003, cattle manure at 20-60 Mg ha -1 -year -1 yielded 10-20 % less than mineral fertilizer at 100 kg N:25 kg P:120 kg K ha -1 year -1 . The higher manure rates gave large nutrient surpluses. Both manure and mineral fertilizer had increased soil organic carbon (SOC), by 11.3 and 3.4 Mg ha -1 in 1996. In order to study possible residual effects, no manure was applied in 2004-2007 and mineral fertilizer was withheld from some NPK plots. Effects on yield and nutrient uptake were evaluated in relation to plots with no nutrient supply since 1922 and plots still receiving 100 kg N, 25 kg P and 120 kg K ha -1 annually. No residual response of mineral fertilizer was found, but previous manure use gave large effects. The latter yields remained around 85 % of those obtained with mineral fertilizer. Previous use of both mineral fertilizer and manure still increased available soil nutrients and pH in 2007. Differences between treatments in SOC had by then declined slightly, to 9.7 and 2.8 Mg ha -1 for manure and mineral fertilizer respectively, relative to the unfertilized control. Manure and fertilizer applications were resumed in 2008, except at the highest previous manure rate, where mean residual responses up to 2014, relative to the unfertilized control, amounted to 55 % higher yield and increases in nutrient uptake of 47 kg N, 8 kg P and 53 kg K ha -1 .
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Introduction
Many comparisons have been made of the relative effects of using mineral fertilizers versus farmyard manure on crop yields and soil properties. Powlsen et al. (2014) showed that similar yields have been obtained for over 160 years in the Broadbalk Experiment at Rothamsted (England), but that the application of manure increased soil organic carbon (SOC) far more than did the use of mineral N fertilizer. They noted, however, that even a small change in SOC content can have a disproportionately large impact on a range of soil physical properties. Edmeades (2003) , in a comparison of 14 long-term trials in North America and Europe, also found similar crop yield performance with mineral fertilizer and manure, and that the latter increased soil contents of organic matter, microfauna and nutrients most. He suggested that manures may only have a benefit on soil productivity, over and above their nutrient content, when large inputs are applied over many years. Neither of the above studies focussed on how the build-up of organic matter and nutrients in soil may affect residual crop responses, i.e. when fertilizer or manure is withheld. Eghball et al. (2005) showed that residual effects of manure application on crop production and soil properties can last for several years. Schröder et al. (2007) compared the N fertilizer replacement value of a range of cattle manures, finding considerably higher values after long-term applications than after a single application. They concluded that, given the long manuring history of most agricultural systems, rethinking the fertilizer value of manure seems justified. Relatively little information has been presented previously on the residual effects of fertilizer and manure under Nordic climatic conditions.
The use of mineral NPK fertilizer and farmyard manure has been compared since 1922 in a fertilizer trial on a loam soil at Møystad, near Hamar, SE Norway. The original aim of the trial was to establish whether the long term use of inorganic (mineral) fertilizer was equally beneficial as the use of farmyard manure, for crop yields, economy, soil structure, animal feed and human health. Many findings on crop productivity and soil fertility have been reported (Rønsen 1965; Vigerust and Rønsen 1965; Jetne 1974; Uhlen 1976 Uhlen , 1991 Ekeberg and Riley 1995) . Topics addressed in recent years have included studies of how the long-term use of manure and mineral fertilizers affect heavy metal uptake (Jeng and Singh 1995) , soil organic matter (Singh et al. 1997) , mycorrhizal associations (Joner 2000) , soil phosphorus availability (Kristoffersen and Riley 2005) , soil microbial sulphur (Yang et al. 2007 ) and earthworms (Pommeresche and Løes 2009) .
Yields and nutrient balances were reported by Riley (2007) for the period 1983-2003 , during which the nutrient levels applied had been aligned with current practice in Norway. In this period, considerable nutrient surpluses were found, especially at high rates of manure application. Such surpluses may reduce the need for nutrient application to following crops, or they may result in nutrients loss to the surrounding environment. Moreover, both the use of manure and that of inorganic fertilizers continued to increase the soil organic matter content. Relative to the unfertilized control, the SOC content in the upper 20 cm was in 1996 on average 11.3 Mg C ha -1 (24 %) higher after manure use and 3.4 Mg C ha -1 (6 %) higher after balanced NPK fertilization. The former figure, after 70 years of manuring, was considerably higher than that found after 30 years of manuring on a clay soil in Norway (Uhlen 1991) .
Other studies have also shown that both manure and mineral fertilizer increase SOC. In a Swedish study, Persson and Kirchmann (1994) reported twice as much increase after 35 years of manuring and a slightly higher figure than ours after using nitrogen fertilizer alone. In an Indian study, Bhattacharyya et al. (2007) reported increases of 13.9 Mg C ha -1 after 8 years with manure plus NPK and 2.9 Mg C ha -1 with the use of NPK alone, both compared to an unfertilized control treatment.
Considering the high costs of fertilizer, it is becoming increasingly important to make best use of nutrients in agricultural wastes such as animal manure. However, nutrient release from organic manures is slower than that from inorganic fertilizers and thus nutrient balances need to be evaluated over long periods of time. In addition to the accrual of nutrients, both organic and inorganic additions increase SOC, as already mentioned, and this is likely to improve soil structure as well as soil nutrient retention. Both nutrient surpluses and better soil structure may have positive effects on crop performance. However, their combined effects on residual crop responses remain unclear.
The aim of the present research was to assess possible residual responses of the long-term use (more than 80 years) of both animal manures and mineral fertilizer on crop yields and nutrient uptake, and to quantify how long these may last. This paper presents a study in which effects of previous manure and fertilizer regimes were measured for up to 10 years. The purpose of this study was to examine the hypotheses that (1) residual effects may differ between previous use of manure versus mineral fertilizer, and (2) levels of some important soil nutrients and/or soil organic matter content may be involved in residual crop responses.
Methods

Location, soil and climate
The trial is located at 60°47 0 N 11°11 0 E at 200 m altitude on moderately well-drained brown earth, classified in the World Reference Base as Endostagnic Cambisol (Eutric) (IUSS Working Group WRB 2006) .
The soil is developed on moraine material derived from base-rich Cambro-Silurian deposits, and its texture is loam, with 50-60 % sand, 30-35 % silt and 10-15 % clay. The soil contains frequent stones and has moderately high humus content, varying between 4.5 and 6.5 %, dependent upon previous fertilization.
The climate is characterised by short, relatively dry summers and long, cold winters. The length of the period with soil temperature [5°C is on average about 180 days, whilst that with snow cover is about 140 days. Growing season (April-Sept.) temperatures and rainfall were on average 11.6°C and 375 mm for the study period 2004-2014, which is somewhat warmer and wetter than the current 30-year WMO normal values (10.5°C and 343 mm).
Nutrient supply in experimental treatments
The trial comprises 72 fertilizer/manure treatment plots (size 30 m 2 ) on a SW-facing slope. The upper part of the slope has eight treatments and the lower part ten treatments, each with four randomised replicates. Some treatments are present in both parts of the trial, thus giving eight replicates. Previous studies have shown there to be little nutrient movement between plots. Surplus nitrogen is assumed to be stored in humus or leached to drains and surplus phosphorous has been found in subsoil (Riley 2007) . The same fertilizer regimes have been followed since 1922 (i.e. the same plots have received either animal manure or the same combinations of nitrogen (N), phosphorus (P) and potassium (K) in mineral fertilizer), but the levels of nutrients applied were adjusted after 1982, in order to align them with current practice (see Riley 2007) . The farmyard manure (FYM) applied in the period 1983-2003 was composted (solid) cattle manure, obtained in most years from a local organic (biodynamic) farm. This manure contained little mineralised N, but reasonably high concentrations of total N, P and K (see Riley 2007) . It was applied annually at rates of ca. 20, 40 and 60 Mg ha -1 , supplying ca. 80 kg N, 20 kg P and 70 kg K ha -1 at the lowest rate. In order to study possible residual effects, no manure was applied from 2004 to 2007 and inorganic fertilizer was withheld from some of the NPK treatments. Manure and fertilizer applications were resumed in 2008, except on a treatment which had previously received a large amount of manure. A selection of 44 of the 72 plots was used in the present study, grouped here as six treatments. Nutrients applied annually to the selected treatments during the 21 years prior to this study are given in Table 1 . Five treatments (A-E) were present in both parts of the trial, and thus each had eight replicates. The sixth treatment (F), with the highest level of manure, was present only on the lower slope, with four replicates. Nutrient balances (supply minus removal) during this period, as assessed in Riley (2007) [2008] [2009] [2010] [2011] [2012] [2013] [2014] . Fertilizer treatments were unchanged in this period, but wet-composted cattle slurry was used instead of solid manure in 2011-2014, at rates of 13.5 and 27.0 Mg ha -1 on treatments D and E, respectively. The lower rate supplied ca. 40 kg N (2/3 as NH 4 -N), 5 kg P and 50 kg K ha -1 , and twice as much at the higher rate. This change was made to align the levels more closely with current practice in Norwegian organic agriculture, in which the availability of animal manure is often limited.
Management of the trial was as described by Riley (2007) . Fertilizer and manure was hand-spread on the surface in spring and in cereal years incorporated by harrowing. In the last three ley years, however, slurry applications were split between spring and after the first cut. 
Soil sampling and analyses
Soil samples were taken by hand-auger to 200 mm depth on all 44 plots in autumn 2007. Analyses were performed of soil reaction in water (ratio 1:2.5) and ammonium-lactate (AL) extractable P, K, Ca and Mg (Egnér et al. 1960) . Soil organic matter (SOM) was measured by ignition-loss at 550°C for 4 h (Norwegian Standard 2012) and converted to soil organic matter (SOM) using a site-specific factor of 0.714 found in previous comparisons of LOI with SOC analyses at the same site (E Ekeberg, pers. comm.). SOM is assumed to contain 58 % carbon, in accordance with the conventional 'Van Bemmelen' factor (SOM = SOC 9 1.72). Although the latter has been disputed (Pribyl 2010) , no alternative has been proven for arable soils in Norway. The bulk density of the airdried and sieved material was measured using a standardized laboratory reconsolidation procedure, and total porosity was calculated from these values assuming particle density corrected for SOM as described by Riley (1996) .
Plant sampling and analyses
Sampling was performed with plot harvesters on 9-10 m 2 of the central area of all 44 plots. The amounts of grass herbage (2 cuts) or grain and straw (grain only in 2007) were weighed and subsamples taken for determination of dry matter and analyses of total N, P and K contents. Herbage samples were analysed using NIR reflectrometry and cereal samples were analysed after sulphuric acid digestion using spectrophotometry for N and P and flame emission photometry for K.
Statistical analysis
Analyses of variance were performed on all measured parameters, using the GLM procedure in Minitab 16Ó, both for data from individual years, and for data averaged over years. The number of replicates was 8 for treatments A-E and four for treatment F. As significance at p \ 0.001 was indicated for all parameters, this information is not included in tables. Instead, least significant difference values (LSD), calculated at p \ 0.05, are included and different letters indicate which treatments differed significantly from one another. 
Results
Soil analyses
There were highly significant (p \ 0.001) differences amongst treatments in all analyses of the soil samples taken in 2007 (Table 2) . Soil reaction was lowest on the unfertilized control (A), followed by the residual mineral fertilizer treatment (C) and the residual manure treatment with a low level of application (D). The higher pH on the control fertilizer treatment (B) may be ascribed to the annual use of calcium nitrate, whilst the slightly lower pH on treatment C is due to the previous use of ammonium nitrate on 4 of the 8 plots. Residual treatments with medium and high manure levels (E and F) had at least as high pH as treatment B. The levels of plant-available calcium (Ca-AL) follow the same trend, and were classed as high or very high in the advisory system used in Scandinavia. Plant-available phosphorus (P-AL) was very low on the unfertilized control (A) and low on the lowest manure residual (D). The intermediate manure residual (E) and the fertilizer control (B) were classed as having medium phosphorus levels, and the highest manure residual (F) was classed as high, although not excessively so. Plant-available potassium (K-AL) followed a similar pattern, but its levels were classed as high or very high on all but the unfertilized control treatment. Magnesium (Mg-AL) levels were also high or very high except in the case of the control mineral fertilizer treatment (B), which had a borderline low level. Antagonistic effects of the other cations may be suspected in the latter case.
The soil organic matter (SOM) level was lowest on the unfertilized control (A) and the mineral fertilizer residual (C). It was somewhat higher on the fertilizer control (B) and increased substantially with increasing amounts of manure used previously (D-F). Soil bulk densities (BD) were inversely proportional to SOM (r = -0.88, n = 44, p \ 0.001). The calculated porosities were thus 4-6 % units higher on the residual manure treatments than on the unfertilized control and the residual fertilizer treatment.
The differences between treatments in the total amounts of SOC at 0-200 mm depth were calculated taking into account the measured bulk densities and adjusting for the soil's gravel content (16 %). This revealed that there had been small declines in the amounts of carbon in both the mineral fertilizer treatments and those with previous manure use, relative to the unfertilized control. In the case of all mineral fertilizer plots in 2007, the mean SOC level was 2.8 Mg ha -1 (5 %) higher than the control, as opposed to 3.4 Mg ha -1 (6 %) in 1996. In the case of the manured plots, SOC levels were 5.6, 8.6 and 15.0 Mg ha -1 higher than the control on plots with previous low, medium and high rates, respectively. This gives a mean of 9.7 Mg ha -1 (17 %) in 2007, as opposed to 11.3 Mg ha -1 (24 %) in 1996.
Crop yields
No significant effect of the residual mineral fertilizer treatment (C) was found, relative to the unfertilized control (A). The response ranged from -2 to ?11 % in individual years (Table 3) , on average 6 %. Relative to the mineral fertilizer control (B), treatment C gave on average 55 % lower yield, whilst the corresponding figure for the unfertilized control was 57 %. This suggests that there was little beneficial effect of the increased soil contents of plant available P and K found in treatment C, and that most of the previously applied surplus N had been lost or made unavailable to plants.
Previous use of manure, on the other hand, gave highly significant (p \ 0.001) residual yield responses, with some decline over the four study years. Relative to the unfertilized control (A), the residual manure treatments (D-F) gave on average 124 % higher yield in the first residual year, decreasing to 115, 79 and 60 % in the following 3 years. Relative to the mineral fertilizer control (B), the residual manure treatments gave in each of the 4 years on average 15-16 % lower yield. This is only slightly less than the average yield difference found in 1983-2003 between annually manured treatments and the same mineral fertilizer treatment as above, when the former yielded 12 % less than the latter (Riley 2007) .
The responses of the three residual manure treatments varied somewhat between years. In the first year the response increased with increasing level of previous manure application, but in later years there was no increase, or a slight decline, with the use of the highest manure level (F), relative to the medium level (E). Treatment F differed from D and E as it had fewer replicates and was present only on lower slope of the trial. Both in [2004] [2005] [2006] [2007] and in the previous 21-year period, treatments D and E yielded 7-9 % less on the lower slope than on the upper slope. If a corresponding yield underestimation is assumed for treatment F, due to its position on the lower slope, this would suggest a slightly greater residual response at the high manure level than at the medium level.
When fertilizer and manure applications were resumed in 2008 on treatments C-E, their yield levels increased again rapidly (Table 4 ). Treatment C yielded on average 4.5 % more than the mineral fertilizer control (B) over the period [2008] [2009] [2010] [2011] [2012] [2013] [2014] . It yielded slightly less than treatment B in the first 2 years and the last year, when cereals were grown, and more in the three ley years. This may reflect the slightly higher average N and P rates used in treatment C, but this is uncertain as a very high standard error was found with this treatment in 2011, when the greatest difference was seen.
Both treatments on which manure application was resumed (D and E) yielded on average more during this period, relative to the mineral fertilizer control (B), than they had done in the period 1983 . In 2008 -2014 , the low manure rate (D) yielded 10 % less than treatment B, as opposed to 17 % less previously, whilst the medium manure rate (E) yielded the same as treatment B, as opposed to 11 % less previously. Variation between years after resuming manure use showed poorer relative responses to manure use in cereals than in ley. The responses remained high during the last four years, despite the fact that lower amounts of nutrients were applied during this period. This suggests higher nutrient availability to plants in the composted slurry than in the solid manure used previously. However, as there was relatively mild and moist weather during this period, there may also have been an increase in the release of nutrients stored previously in the soil. Treatment F, which had received large applications of manure until 2003, continued to exhibit considerable residual responses during the period 2008-2014. The yields obtained with this treatment over the whole residual period, expressed as percentage increases of those obtained with treatment A and percentage differences from those with treatment B, are shown in Fig. 1 . Data from the lower slope only are used, in order to avoid the possible yield underestimation 
Nutrient uptake
Naturally, there were large differences between crop types (leys vs. cereals) in the nutrient uptake levels. Averaged over all treatments and all years, the cereal crops had 22 % lower total DM yield, 27 % lower N uptake, 12 % greater P uptake and 85 % lower K uptake than the grass leys. However, the treatment differences, which were significant every year, were broadly similar for the different crops, and therefore mean data only are shown in Table 5 for the two study periods.
The highest nutrient uptake was in nearly all cases achieved with the annual use of mineral fertilizer (B), where in the year of its application, uptake was twice or three times as high as on the unfertilized control (A). In treatment C, no residual effect of the previous use of mineral fertilizer was seen in 2004-2007 when fertilizer was withheld, but the uptake increased to at least the same level as treatment B when applications were resumed in 2008-2014. The slightly higher uptake of N and P on treatment C than on treatment B in this period reflects higher application levels of these nutrients on some of these plots (Table 1) .
The mean apparent recovery of fertilizer N in treatment B, calculated by subtracting the uptake in treatment A, was in the first period 71 % and in the second period 57 %, whilst recoveries of P were 48 and 38 %, respectively, and those of K were 71 and 48 %. These levels are similar to those reported previously in the same trial (Riley 2007) . The higher recoveries of N and K in the first period reflect the greater proportion of leys in those years. In particular, the recovery of K differed greatly between crops, with recoveries of nearly 90 % in leys as opposed to only around 10 % in cereals. This suggests that luxury uptake occurred in grass. Most of the K in cereals is normally present in the straw, which was not recorded in 2007. In the other 3 years it is likely that much of the K was leached from the straw due to wet weather before harvest.
The nutrient uptake in treatments with either previous or current use of manure (D-F) differed relatively little between the two study periods. In the first period, the uptake was somewhat higher in the treatments on which most FYM had previously been applied (E and F) than in that with least FYM (D). In the second period, the residual treatment (F) had similar or lower uptake than treatments on which applications had been resumed (D and E). Relative to the treatment with annual use of mineral fertilizer (B), the uptake in treatment D was mostly around 10-30 % lower, whilst in the case of treatment E it was often around 10 % lower, except in the case of P and K in the second study period, when the uptake was slightly higher with manure use than with mineral fertilizer. It is not possible to calculate apparent nutrient recoveries in the case of manure use, as the accumulated surpluses are difficult to estimate accurately. However, it may be noted that the increases in residual uptake in treatments D and B in the period 2004-2007, relative to the unfertilized control (A), were in many cases at least half and sometimes more than the annual surpluses applied previously. In the period 2008-2014, when manure application was resumed in these treatments, the increases in N and P uptake, relative to A, were around 65 % of the amounts applied in that period with treatment D, and ca. 45 % of those applied in treatment E. The corresponding figures for K were around 75 and 55 %, respectively. Such high nutrient recoveries from manure are unusual, and were probably inflated by inputs from before 2004.
In the case of treatment F, which had the highest previous level of FYM application, the increased (Fig. 2 , based on data from the lower slope of the trial only, in order to reduce bias). There was no obvious time trend in the pattern of the increases in uptake over this period.
Discussion
Residual effects of using manure versus mineral fertilizer may be studied in various ways. One approach is to study effects on soil physical properties, as was done by Schjønning et al. (1994) in the case of a 90-year old trial in Denmark. These authors found that manure use increased soil organic matter and cation exchange capacity more than did the use of mineral fertilizer, and that it had important effects on soil consistency and shear strength. Another approach is to study effects on soil biological processes, such as enzyme activity. Parham et al. (2002) found higher soil microbial biomass with manure use than with mineral fertilizer, and differences in enzyme activity that increased phosphorus mobility in soil to which manure had been applied.
Such studies are invaluable in order to elucidate the soil processes that are involved, but they do not diminish the usefulness of a more direct approach, such as measuring crop responses, as used here. This may aid in the quantification of how fertilizer inputs should be adjusted when manure is used in addition to mineral fertilizer. In Sweden, long-term soil fertility experiments have shown that the responses to mineral fertilizer may be considerably smaller in rotations in which manure is used than in those without manure (Carlgren and Mattson 2001) , confirming that lower fertilizer inputs are required in the former case, a fact that has clear implications for both economic returns and environmental risks.
Soil conditions
Both the use of mineral fertilizer and that of manure increased soil contents of plant-available P and K, although in the case of manure, the increases were not as great as might have been expected considering the excess of supply over removal that had occurred previously. The P levels had changed little after 4 years without fertilizer and manure use, relative to those measured in 1996 (Riley 2007) , but the K levels had in all cases declined considerably. The latter were nevertheless acceptably high on all but the unfertilized control treatment, and previous experience suggests relatively low responses to the use of K fertilizer at this site. Soil reaction had decreased slightly (0.1-0.2 pH units) since 1996 in all treatments, but the same beneficial effect of manure use on soil reaction was still evident. Manure application naturally affects the humus content of the soil (SOM) over time. The actual levels at the start of the trial in 1922 are uncertain, but there are indications that SOM in the topsoil was reduced markedly over the first 40 years (Ekeberg and Riley 1995) , probably due to deeper and more intensive tillage. Clear increases in SOM concentrations on both manured and fertilized plots had been established by 1963, relative to the unfertilized control, with manured treatments showing twice as much increase as those with balanced NPK in mineral fertilizer. Thereafter there has been some fluctuation in measured SOM levels, possibly due to variability in sampling and/or analytical error, as also noted by Uhlen (1991) in another Norwegian trial. Nevertheless, the differences in SOM between treatments have remained and there has been a gradual increase in terms of the level of the distinction between fertilized/manured treatments and the unfertilized control. Linear regressions of SOM measurements made at seven regular intervals since the early 1960s (unpublished) show that these differences have increased by 0.126 and 0.063 g SOM kg -1 year -1 in treatments with manure and balanced NPK, respectively (R 2 = 0.78 and 0.44), relative to the control.
Compared to measurements made in 1963 (Rønsen 1965) , there was almost no change in 2007 in the average SOM concentration of manured treatments (57 g kg -1 ). Levels on unfertilized plots, on the other hand, had decreased from about 49 to 44 g kg -1 and those with mineral fertilizer by about half as much. The positive effect of mineral N fertilizer on SOM levels, as well as that of manure, is consistent with findings at Rothamsted in England (Jenkinson 1991) and at Ultuna in Sweden (Persson and Kirchmann 1994) , and elsewhere.
In the present study, the calculated amount of carbon present in the top 200 mm of unfertilized soil was 58 Mg ha -1 in 2007, whilst the corresponding amounts with the three levels of manure were 63, 66 and 73 Mg ha -1 , respectively. The latter levels are similar to those cited by Jenkinson (1991) after 80-130 years of manuring at Rothamsted, but the level found there without fertilizer was less than half that found at the present site. This implies that the increase in soil carbon storage due to manuring was higher at Rothamsted than in the present study. This difference between sites may reflect the likelihood that the effect of organic amendments on soil carbon levels depends upon the initial carbon level in the soil, raising it more on soils with low initial levels than on those with high levels. In Denmark, Christensen (1990) found that the use of manure over 30 years increased carbon in a soil with a low initial content (\20 Mg SOC ha -1 ), whereas in one with a high initial level (ca. 60 Mg SOC ha -1 ), it actually declined over the same period despite regular manuring.
The type of crop rotation may also influence the effect of manure on SOC. In a Norwegian soil with an initial carbon content of around 90 Mg ha -1 , Uhlen (1991) found that manuring increased SOC in a rotation with grass ley in 4 of 6 years, but that the level remained almost unchanged in one with only 2 ley years. The proportion of leys in our case (ca. 40 %) appears to be adequate to maintain SOM levels with only small manure additions.
The measurements of bulk density presented in this study suggest that manure use gives a potential for considerable increases in soil porosity, compared with both unfertilized and fertilized treatments. This may not always be achievable in practice, depending upon the compaction regime in the field. Previous measurements of bulk density and porosity in the field (Riley, unpublished) showed a similar trend to those presented here, although to a lesser extent, due to the soil being more compact. In the latter case the proportion of pores that retain readily plant-available water (3-30 lm) was found to have increased significantly as a result of manure use, which is an important factor in relation to drought resistance.
In addition to direct effects of manure use on soil chemical and physical properties, such as those mentioned above, it may also have indirect effects that are beneficial to crops. Johnston et al. (2009) demonstrated that the optimum levels of plant-available P for several crops were more than halved as a result of the long-term use of manure. In terms of the analytical method used here, this would imply that the optimum P-AL level after manure use may be 30-60 g kg -1 , which equates with the long-term equilibrium AL-level found with balanced supply and removal of P on this and others soils in Norway (Ekeberg and Riley 1995; Øgaard 1995; Riley 2007) . Analysis of adsorption isotherms has confirmed that soil from manured plots at this site sorbs less P than does unmanured soil (A Kristoffersen, pers. comm.) . Other indirect benefits of manure use may include positive effects on mycorrhizal activity, as found by Joner (2000) , and earthworm numbers, as found by Pommeresche and Løes (2009) .
Crop responses
In terms of the productivity of nutrient inputs, these results show that mineral fertilizer is more efficient than farmyard manure in the year of its application. In contrast to manure, however, it showed no residual effect on crop yield or nutrient uptake when its use was discontinued. Thus it seems to have had little lasting effect on soil fertility. This lack of any residual response to mineral fertilizer may seem surprising, since its use had increased soil organic matter and nutrient contents, relative to the unfertilized control. Zhang et al. (2015) demonstrated positive effects of NPK fertilizer, used alone or together with cattle manure, on the relationship between SOC and soil nitrogen mineralization. They found that increases in SOC concentration of 2.3 and 5.5 g kg -1 , after 30 years' use of NPK fertilizer alone or NPK plus manure, increased the soil's inorganic N-supply by 40 and 108 %, respectively.
The SOC and total N concentrations in the latter soil were, however, only half those reported for the present trial by Riley (2007) , and their NPK treatment had increased total N concentration more than in our case. Both factors suggest the likelihood of there being less effect on mineralization in our case. Furthermore, although effects of inorganic N fertilizer on the amount of soil organic N are often found (Glendining and Powlson 1995) , this is not always so. Petersen et al. (2010) attributed the lack of such effects to high soil variability, which may also apply in our case. On the other hand, our results do not support the claim of Mulvaney et al. (2009) that the use of mineral N fertilizers depletes the soil N pool and in turn exacerbates future needs for N fertilizers.
Our crop response results are broadly in agreement with findings by Petersen et al. (2010 Petersen et al. ( , 2012 , who on the basis of four long-term field trials in Denmark and Sweden concluded that 'The residual effect of mineral fertilizer N residues was negligible compared with the residual effect of animal manure and catch crop residues'. In some cases they did find higher yields after previous N fertilizer use than in previously unfertilized treatments, especially after the previous use of 150 kg N ha -1 for almost 50 years at two sites in Sweden. The total soil N level was at both these sites considerably lower than that in the present study.
These authors considered it most relevant in modern agriculture to assess residual effects against control treatments that have received comparable fertilizer amounts as those currently in use. To do this, they embedded a range of new N fertilizer treatments within existing plots that had previously received different amounts of N fertilizer. The responses to new fertilizer treatments were in most cases similar in all treatments, suggesting that the use-efficiency of the new fertilizer treatments was similar regardless of previous fertilization. It was not possible to use this approach in the present study, due to the much smaller plot size in this trial than in those of Petersen et al. (30 m 2 as opposed to 70-125 m 2 ). In the present trial, the low FYM level gave almost as high residual benefits as did the higher FYM levels, with little of the environmental risk associated with the latter due to nutrient surpluses. The increased fertility afforded by previous manure use is probably very long-lasting, and is thus an important factor when comparing FYM with mineral fertilizers. A further residual benefit of manure was seen in the ley years, as it gave higher digestibility and slightly lower risk of grass tetany than did the use of mineral fertilizer (Riley 2008) .
A complicating factor in this study was that, although no clover was sown in the leys, small amounts of red or alsike clover were seen on the FYM plots during ley years, probably established from seeds present in the manure. Some indigenous white clover also appeared on the unfertilized control plots. No clover was found on the plots with mineral fertilizer, nor on FYM plots in cereal years. In ley years the amounts of clover increased with sward age, and were most evident when competition from grasses was low.
This occurred in dry seasons, and especially at the second cut, which normally accounted for only 20-25 % of the total yield.
Clover was hand-sorted at the first cut in 2006 (4th ley year) and at the second cut in 2013 (3rd ley year), in both cases after a month with low rainfall. In the first case (2006) clover amounted to 15-20 % of total DM on residual FYM plots and 5-6 % on the unfertilized control plots. In the second case (2013) it amounted to around 35 % on the residual FYM plots and 40 % on the unfertilized control. Analyses of the clover material indicated that the clover had higher nutrient concentrations than the grass. The nutrient uptake attributed to previous manure use may therefore have been overestimated to some extent, but this was also the case in the unfertilized control. Approximate estimates of the N uptake in clover material during the first ley period suggested that clover N uptake accounted for ca. 20 % of the total N uptake on the residual FYM plots and 6-7 % on the unfertilized control plots (Riley 2008) . Despite this disrupting factor, the residual effects presented here are nevertheless thought to be mainly attributable to previous manure use.
In many countries, adjustments in fertilizer recommendations after FYM application are focussed mainly on nitrogen, and often for only a relatively short time period. In Norway, for example, the use efficiency rate of applied organic N is assumed to be reduced to around 10 % in the second year after its application, and thereafter to zero. In Sweden, the residual effect of regular use of manure for 30 years is estimated at around 10 kg N ha -1 year -1 . Normally, no adjustment is made for other nutrients, except on the basis of changes in soil analyses of extractable P and K. The increases in P and K uptake presented here were often greater than could be explained by such changes, and in the case of P, this appears to be consistent with the view expressed by Johnston and Syers (2006) that 'the long and widely held belief … that P … is irreversibly fixed in soil … must be discarded…. P is held in soil by ad-/ absorption reactions occurring at different rates and over widely varying time scales'. Long-term release of previously applied nitrogen is also likely. Uhlen (1991) found ca. 25 % of the N applied as manure in the trial at Møystad still to be present in the soil after 50 years. Together with data from other long-term fertilization trials in Norway, he calculated the half-life of applied N to be 15 years. This finding suggests, as do results presented here, that residual effects of long-term manure application may be greater than assumed in current fertilizer recommendations.
Concluding remarks
Use of mineral fertilizer is efficient and gave greater yield increase in the year of its use than did equivalent nutrient amounts applied as manure. Mineral fertilizer had, however, little or no residual effect on yield levels, despite increasing the availability of some nutrients in the soil. More detailed studies under controlled conditions, possibly using isotopic labelling or other methods, might reveal residual benefits of mineral fertilizer that were not seen here.
Long-term use of manure, although less nutrientefficient than mineral fertilizer in the year of its application, had large residual effects on crop yields and nutrient uptake, even at low application levels. This may be due to both direct effects on nutrient availability and indirect effects on a range of soil chemical, physical and biological properties. Of particular interest for further study is the way in which manure use affects soil phosphorus availability. It may also be justifiable to reduce nitrogen fertilizer recommendations on soils that have received manure for a long period of time, for longer than is common at present.
